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The short lifespan of active oxygen species and depressed O3 level during ferroptosis treatment in tumor cells
weaken ferroptosis therapy. How to improve the utilization efficiency of active oxygen species generated in real
time is pivotal for anticancer treatment. Herein, the tirapazamine (TPZ) loaded polydopamine-Fe nanoparticles
(PDA-Fe-TPZ) was modified with unsaturated liposome (Lip), which was constructed to overcome the drawbacks
of traditional ferroptosis therapy. The Lip@PDA-Fe-TPZ nanoliposomes can react with HoO» to produce ¢OH by
Fenton reaction, which then attacks Lip and transforms into radical intermediate (Le) and phospholipid peroxide
radical (LOOe) to avoid the annihilation of e¢OH. The introduced Lip enhances lipid peroxidation and promotes
oxygen consumption, resulting in increased hypoxia at tumor site. The introduced TPZ can be triggered by
reductase in tumor cells under hypoxia, which can reduce to transient oxidative free radicals by reductase en-
zymes and destroy the structure of the surrounding biomacromolecules, thus achieving the synergistic treatment
of ferroptosis and chemotherapy. In this work, we organically combined enhanced ferrroptosis with hypoxic
activated chemotherapy to achieve efficient and specific tumor killing effect, which can sever as a promising
treatment of cancer in the future.

good prospect in inducing cancer cell death due to its characteristics of
high tumor specificity and low systemic side effects [11-13]. However,

1. Introduction

Cancer is still a major problem plaguing human life and health. The
therapeutic efficacy of traditional treatment methods, such as chemo-
therapy, radiotherapy and surgery, are still not satisfactory, and the side
effects are more damaging to the human body [1-3]. The development
of treatment strategies that can effectively induce tumor cell death is a
goal that people have been pursuing. Ferroptosis is a programmed cell
death caused by iron-dependent lipid peroxides accumulation, which
has attracted great attention as an emerging tumor therapy [4-6]. The
Fe ions (ferrous (Fe®") or ferric (Fe>))-mediated Fenton reaction con-
verts endogenous Hy0» into strong cytotoxicity hydroxyl radicals (e¢OH).
The high level of eOH in the cell leads to an excess of lipid peroxide
(LPO) on the cell membranes, then triggers and completes ferroptosis in
tumor cells [7-10]. Recently, tumor therapy based on ferroptosis has a
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due to the short half-life (<1 ns) and easy annihilation of eOH, it is
difficult to fully trigger lipid peroxidation. The low ¢OH utilization rate
has become the main bottleneck restricting the therapeutic efficacy of
ferroptosis [14]. Unfortunately, the existing research cannot provide an
effective strategy to improve the e¢OH utilization rate. Therefore, it is
urgent to construct an efficient tumor treatment strategy based on
ferroptosis.

Inspired by lipid peroxidation in living systems, our group has
designed a «OH/LPO nano-converter to trigger ¢OH into LPO at Fenton
reaction sites, and this strategy has been proved that can improve the
utilization rate of ¢OH and enhance tumor ferroptosis [15]. In this case,
eOH attacks on unsaturated liposomes (Lip) to trigger lipid peroxida-
tion, which is the downstream executor of ferroptosis induction.
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Specifically, ¢OH produced by Fenton reaction attacks Lip in situ to form
phospholipid radical Le. Le can be converted to lipid peroxyl radical
(LOOe) and lipid hydroperoxide (LOOH) with the participation of oxy-
gen molecules [14,16,17]. In addition, new LOOH would be further
generated in the presence of Fe?* and Fe®*. Therefore, the chain reac-
tion of lipid peroxidation can not only avoid the annihilation of ¢OH, but
also achieves the accumulation of lipid peroxides, which will improve
the efficiency of ferroptosis. This process occurs in tumor cells could
improve the efficacy of ferroptosis due to the intensive activation of lipid
peroxidation [18-22]. However, we notice that lipid peroxidation con-
sumes oxygen, which makes the hypoxic tumor microenvironment even
worse [23-26]. Tumor hypoxia induces apoptosis and expression of
autophagy-related genes, and chemotherapy resistance occurs, leading
to malignant phenomena such as tumor proliferation and invasion
[27-30]. How to turn this side effect into an advantage is important to
further enhance the efficiency of tumor treatment. Herein, we planned
to develop a new strategy to enhance tumor treatment combined with
ferroptosis in this hypoxic tumor microenvironment.

Hypoxic activated prodrugs (HAPs) have attracted increasing
attention and have been widely used in tumor synergistic therapy
[31-34]. HAPs can be triggered by reductase in hypoxic tumor cells to
generate free radical metabolites, but has no toxic effect on normal
tissues or cells [35-38]. For example, Zhang et al. provided a new
strategy: photosensitizer enhanced HAPs activation inhibits glioma
growth by encapsulating tirapazamine (TPZ) as a HAP and zinc phtha-
locyanine (ZnPc) as a photosensitizer to enhance hypoxia [39]. After
being internalized by tumor cells and radiated by laser, ZnPc can not
only efficiently consume intratumoral Oy to produce reactive oxygen
species (ROS) for achieving photodynamic therapy, but also aggravate
hypoxia to activate TPZ for amplifying chemotherapy, which ultimately
inhibits tumor growth. Therefore, using HAPs to convert the side effects
of lipid peroxidation enhanced hypoxia into activation of chemotherapy

PDA-Fe-TPZ

Hypoxia activated
chemotherapy
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is a promising approach for tumor combination therapy.

In this paper, a polydopamine (PDA) delivery system loaded with
iron ions and TPZ (PDA-Fe-TPZ), was synthesized by one-pot method.
Then Lip@PDA-Fe-TPZ nanoliposomes were successfully prepared by
modifying PDA-Fe-TPZ with Lip. The synthesis process and action
mechanism are shown in Scheme 1. Nanoparticles with iron ions reacted
with Hz05 in tumor cells and produced ¢OH by Fenton reaction. ¢OH
can attack Lip to result in lipid peroxidation cascade reaction to achieve
the propagation of reactive oxygen species (ROS) and accumulation of
lipid peroxides, which further strengthening ferroptosis effect. In addi-
tion, the consumption of oxygen in tumor cells activates the hypoxia-
activated chemotherapy, which can significantly enhance the anti-
tumor therapeutic efficiency by integrating advantages of ferroptosis
and chemotherapy.

2. Results and discussion
2.1. Characterization of Lip@PDA-Fe-TPZ

One-pot process was used to synthesize the PDA delivery carriers
loaded with iron ions and hypoxia-activated prodrug TPZ. The scanning
electron microscope (SEM) and transmission electron microscope (TEM)
images of PDA-Fe (Figure S1A) and PDA-Fe-TPZ (Fig. 1A and
Figure S1C) showed that both nanoparticles exhibited uniform spherical
with a particle size about 110 nm. Loading with small molecule prodrug
TPZ into PDA-Fe does not change the morphology and size of nano-
particles. Then, the PDA-Fe and PDA-Fe-TPZ were modified by unsatu-
rated Lip to prepare Lip@PDA-Fe and Lip@PDA-Fe-TPZ, respectively.
The Lip coating on the surface of Lip@PDA-Fe (Figure S1B) or Lip@PDA-
Fe-TPZ (Fig. 1B and Figure S1D) can be clearly observed in SEM and
TEM images. We used thermal gravimetric analysis (TGA) to calculate
the content of the Lip in Lip@PDA-Fe-TPZ (Figure S2), and the Lip

Lip@PDA-Fe-TPZ

Scheme 1. The synthesis of Lip@PDA-Fe-TPZ and the mechanism of enhancing ferroptosis and activating chemotherapy to antitumor treatment.
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Fig. 1. Characterizations of the Lip@PDA-Fe-TPZ nanoliposomes. TEM images of PDA-Fe-TPZ (A) and Lip@PDA-Fe-TPZ (B); FTIR spectra (C) and Fe 2p XPS spectra
of the Lip@PDA-Fe-TPZ nanoliposomes (D); TPZ (E) and Fe ion (F) release profiles from the Lip@PDA-Fe-TPZ nanoliposomes in different mimicking environment.

content is about 7.28 wt%. Dynamic light scattering (DLS) results
showed that the diameter of Lip@PDA-Fe and Lip@PDA-Fe-TPZ
increased to about 122 nm after Lip modification (Figure S3).
Compared with PDA-Fe (—10.8 mV), the Zeta potential of Lip@PDA-Fe
was —18.7 mV, which was more negative after Lip modification. After
further loading the electronegative drug TPZ, the Zeta potentials of PDA-
Fe-TPZ and Lip@PDA-Fe-TPZ are —25.2 mV and —33.2 mV, respectively
(Figure S4), meaning the successful loading of the electronegative TPZ
[40]. The physiological stability of prepared nanoparticles was proved
by well dispersion in water, phosphate buffered saline (PBS) and dul-
becco’s modified eagle medium (DMEM, contains 10% FBS) after 48 h
(Figure S5). To further examine the long-term stability of
Lip@PDA-Fe-TPZ, Lip@PDA-Fe-TPZ was dispersed in the above solution
for 7 days, and the particle size was monitored by DLS (Figure S6 and
Table S1). It was found that the particle size only slightly increased
within 7 days, indicating the good long-term stability of
Lip@PDA-Fe-TPZ.

To further confirm the successful loading of TPZ and Lip modifica-
tion, the Fourier transform infrared (FTIR) spectrum and Ultra-
violet-visible (UV-vis) spectrophotometer —measurements were
performed. FTIR spectrum of Lip@PDA-Fe-TPZ not only showed the
characteristic peaks of N-O in TPZ (1360 cm ™ and 1100 cm™ %) [41],
but also showed the characteristic peaks of the stretching vibration of

C=0 (1730 cm™ 1) and P=0 (1220 cm ') bonds of Lip [42], suggesting
the successful loading of TPZ and modification of Lip. The UV-vis
spectrum of PDA-Fe-TPZ and Lip@PDA-Fe-TPZ showed the character-
istic absorption peaks of TPZ at 269 nm and 460 nm [41,42] (Figure S7),
reverifying the loading of TPZ. We used X-ray photoelectron spectros-
copy (XPS) to analyze the valence state of Fe in Lip@PDA-Fe-TPZ. The
Fe 2p spectrum of Lip@PDA-Fe-TPZ showed peaks at 709.34 eV, 712.07
eV, 721.90 eV, 725.47 eV, correlating to Fe(Il) (2ps,2), Fe(III) (2ps3/2), Fe
(II) (2p1/2) and Fe(III) (2p; /2), respectively. The peak area ratio of Fe(III)
to Fe(Il) is 3.46:1, indicating that most of Fe in Lip@PDA-Fe-TPZ is Fe
(II1). The Fe(Il) on the nanoparticles are mainly due to the reduction of
Fe(III) during the synthesis of PDA [43-45].

Releasing sufficient of iron ions and TPZ is important for ferroptosis
and chemotherapy. The loading and release behavior of TPZ and Fe ions
in different buffer solutions were measured by UV-vis spectrophotom-
eter and inductively coupled plasma-mass spectrometry (ICP-MS)
testing, respectively. The contents of iron in PDA-Fe, Lip@PDA-Fe, PDA-
Fe-TPZ and Lip@PDA-Fe-TPZ were 34.6 ug/mg, 27.6 ug/mg, 32.2 pg/
mg and 28 pg/mg, respectively, by ICP-MS analysis. The drug loading
and release of TPZ on the nanosystem were detected by UV-vis. The
loading efficiency and encapsulation efficiency of TPZ on Lip@PDA-Fe-
TPZ were 13.53% and 56.66%, respectively. The release percentage of
TPZ and Fe ions from Lip@PDA-Fe-TPZ nanoliposomes under neutral
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(pH7.4) condition were relatively low, while under acidic conditions
became higher, especially in the presence of H2O». In the condition of
pH5.0 with 100 pM H,0,, the final release percentage of TPZ and Fe was
54.4% and 38.4%, respectively (Fig. 1E and F). These results suggested
that Lip@PDA-Fe-TPZ may serve as a drug delivery system with low pH
and endogenous Hy0» responsiveness, thus reducing damage to normal
tissues. In addition, compared with the release of PDA-Fe-TPZ nano-
particles (Figures S8 and S9), the period for TPZ release to reach the
maximum concentration was significantly increased after Lip modifi-
cation, indicating that Lip could delay the release of drugs.

2.2. ROS detection

Methylene blue (MB) could be oxidized and degraded to colorless
products by eOH, resulting a decrease in absorbance of solution at 664
nm. Figure S11A showed that HoO5 alone cannot degrade MB. However,
compared with the control group, the maximum absorbability values of
PDA-Fe, Lip@PDA-Fe, PDA-Fe-TPZ and Lip@PDA-Fe-TPZ with 10 mM
H,0, were significantly reduced (Fig. 2A and Figure S10), indicating
that these nanoparticles could produce a large amount of ¢OH via Fenton
reaction in 1 h. Moreover, it can be observed that the generation of ¢OH
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is independent of TPZ. In order to further explore the effect of Lip
modification on ¢OH under different H,O5 and pH conditions, PDA-Fe
and Lip@PDA-Fe nanoparticles were selected as experimental groups.
It should be pointed out that in the absence of H205, the nanoparticles
can also trigger the degradation of MB. This is mainly due to the gen-
eration of HyO, by PDA nanoparticles [46], which undergoes a Fenton
reaction with iron ions on the nanoparticles to generate ¢OH. Therefore,
using PDA nanoparticles as a drug carrier can increase the HyO5 level of
tumors and enhance the ferroptosis effect. The effect of Lip modification
on e¢OH production under different HoO and pH conditions were further
explored. With the increase of HoO, concentration, the maximum ab-
sorption of MB solution of PDA-Fe and Lip@PDA-Fe decreased gradu-
ally, indicating that high H,O5 concentration has a promoting effect on
eOH production (Fig. 2B and C). Terephthalate (TA) reacts with ¢OH to
produce fluorescent product 2-hydroxyterephthalic acid (TAOH) (315
nm excitation, 425 nm emission), which is used to explore «OH pro-
duction under different pH conditions. The fluorescence intensity of
PDA-Fe and Lip@PDA-Fe increased significantly at pH5.0, compared
with pH6.5 and pH7.4 conditions (Fig. 2D). As shown in Fig. 2E, ¢OH
can be captured by 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and
detected by an electron spin resonance (ESR) instrument, and the clear
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Fig. 2. Production of ¢OH and LPO under various conditions. (A) The degradation curves of MB after treatment with PDA-Fe, Lip@PDA-Fe with or without 10 mM
H,0, for 1 h. The degradation curves of MB after treatment with PDA-Fe (B) and Lip@PDA-Fe (C) in various concentration of HyO,. The TA fluorogram (D) and ESR
spectra (E) of PDA-Fe and Lip@PDA-Fe in different pH conditions. (F) UV-vis spectrum of different treatment groups based on the TBA chromogenic method for LPO

determination.
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ESR signals with intensity ratio of 1:2:2:1 were obtained, which showed
the same result as TA fluorescence test. The above results indicated that
iron-loaded nanoparticles need abundant H>O, and low pH to produce
oeOH, which happens to coincide with the tumor microenvironment
(TME). Therefore, the synthesized nanoparticles contribute to produce
large amounts of ¢OH in tumor cells for subsequent anti-tumor therapy.

It is worth noting that the detection results of ¢OH generation by MB
degradation, TA fluorescence and ESR signal indicated that the ¢OH
level of Lip@PDA-Fe is significantly lower than that of PDA-Fe under the
same conditions. To explore whether ¢OH was consumed by reacting
with modified Lip, thiobarbituric acid (TBA) chromogenic method was
utilized to detect the production of lipid peroxides by UV-vis spectro-
photometer. Malondialdehyde (MDA) is a commonly indicator for LPO
detection, which can react with TBA in the temperature more than 95 °C
and form red MDA-TBA adduct with characteristic absorption peak at
539 nm under acidic condition [47]. As shown in Fig. 2F, PDA-Fe
without Lip introduction cannot produce LPO regardless of the pres-
ence or absence of HypO,. For Lip@PDA-Fe, there was a low strength
absorption peak at 539 nm in the absence of Hy0,, indicating that the
synthesized Lip is unsaturated liposome. However, the formation of lipid
peroxides MDA by eOH attacking Lip was confirmed by an obvious
absorption peak for Lip@PDA-Fe in the presence of HyO,. The above
results manifested that Lip modification could in situ transform e¢OH into
stable LPO to avoid the rapid annihilation of eOH, which has the po-
tential to enhance the combined treatment of cell ferroptosis and
chemotherapy.

2.3. Cellular uptake

For the cellular uptake study, we labeled the nanoparticles (PDA-Fe-
TPZ and Lip@PDA-Fe-TPZ) with fluorescent dye Rhodamine B (RhB).

Control
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The 4T1 cells were incubated for 0, 2, 4, 6 and 8 h under various
treatments, and fluorescence intensity was quantitatively detected by
multifunctional enzyme marker and observed by fluorescence micro-
scope. It can be seen from Figure S11, within 6 h of incubation, the
intracellular fluorescence intensity increased gradually. These results
indicated that nanoliposoms can be uptaken by cells. After incubation
for 6 h, the fluorescence intensity reached the maximum value, indi-
cating that the uptake of nano-liposomes by cells reached the peak.

2.4. Cell cytotoxicity

MTT assay was used to evaluate the effect of intracellular combina-
tion therapy in vitro to understand the potential toxicity of Lip@PDA-Fe-
TPZ nanoliposomes to cells. The cell viabilities of mouse embryonic
fibroblast (3T3) cells co-incubated with PDA-Fe, Lip@PDA-Fe, PDA-Fe-
TPZ and Lip@PDA-Fe-TPZ for 24 h were all higher than 80%, indicating
that the cytotoxicity of nanoparticles to normal cells could be ignored
(Fig. 3A). However, these nanoparticles have concentration-dependent
cytotoxicity to mouse breast cancer (4T1) cells (Fig. 3B). Specifically,
on the one hand, the addition of Lip increased the cytotoxicity of PDA-
Fe, and the cell viabilities of 4T1 cells decreased from 84.3% (PDA-Fe) to
69.5% (Lip@PDA-Fe) at 100 pg/mL. This may be attributed to the
transformation of ¢OH and accumulation of LPO via destructive chain
reaction of lipid peroxidation induced by modified Lip. On the other
hand, lipid peroxidation requires the participation of Oj, resulting in
more hypoxic microenvironment of tumor cells. Compared with the cell
viabilities of PDA-Fe-TPZ (58.6%), that of Lip@PDA-Fe-TPZ decreased
to 33.4% at 100 pg/mL because TPZ cytotoxicity was activated by
increased hypoxia. To further explore the cell cytotoxicity of the nano-
particles, living cells were stained with Calcein-AM and dead/late
apoptotic cells were stained with propidium iodide (PI), which then
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assessed using fluorescence microscopic imaging. Green fluorescence
(live cells) in the 4T1 cells incubated with Lip@PDA-Fe-TPZ was much
lower than that in the other treatment groups due to the synergistic
effect of ferroptosis and hypoxia cascade activation chemotherapy
(Fig. 3C). In addition, the flow cytometric analysis was utilized by
staining 4T1 cells with annexin V-FITC and PI. The results were
consistent with MTT assay, and the group treated with Lip@PDA-Fe-TPZ
nanoliposomes has the lowest cell survival rate (31.8%) (Fig. 3D).
Compared with the good cytotoxic effect of Lip@PDA-Fe-TPZ in tumor
cells, minimal cytotoxic can be found in normal cells. This different is
due to the low Hy0- level, high level of O3 concentrations and pH value
in normal cells, which could not activate hypoxia-activated prodrug TPZ
and would not produce e¢OH to induce LPO. Cytotoxicity results sug-
gested that modified Lip acts as an effective “bridge” to connect and
promote ferroptosis and chemotherapy.

2.5. In vitro hypoxia studies

Lipid peroxidation requires O and the activation of TPZ is sensitive
to the hypoxia degree of tumor cells, thus, O5 is an important influencing
factor of cell death induced by Lip@PDA-Fe-TPZ. To further explore the
effect of Oy, an AnaeroPack-Anaero was used to create the hypoxic
environment. In normal culture environment, TPZ had low cytotoxicity
to cells (Fig. 4A). However, the dose-dependent toxicity of TPZ was

Materials Today Bio 25 (2024) 101009

shown in the hypoxic environment. In fact, TPZ can be activated by
various intracellular reductases to produce cytotoxic free radical inter-
mediate [1], which tends to be oxidized rapidly into the non-toxic parent
molecule in the presence of Oy. Whereas in the absence of O, the highly
reactive TPZ free radicals snatch hydrogen atoms from the bio-
macromolecules around them and lead to structural damage of cells.
Fig. 4B showed the viabilities of cells treated with different concentra-
tion of nanoparticles for 24 h under hypoxic condition. The cell viability
of 4T1 cells incubated with 100 pg/mL Lip@PDA-Fe was 69.5% under
normal culture condition, but increased to 76.7% under hypoxic culture
condition, which may be due to inadequate lipid peroxidation reaction
without adequate O, support. In addition, the cell viabilities of
PDA-Fe-TPZ and Lip@PDA-Fe-TPZ decreased significantly under hyp-
oxic condition, which further indicating that the activation of TPZ re-
quires the creation of hypoxic environment.

To prove that the addition of Lip could enhance hypoxic environ-
ment of tumor cells and activate TPZ cytotoxicity, the intracellular
hypoxic level was detected by hypoxyprobe-1 probe, which can produce
red fluorescence in a hypoxic state (Fig. 4D). The obvious red fluores-
cence of Lip@PDA-Fe and Lip@PDA-Fe-TPZ meant that the degree of
hypoxia in tumor cells was improved by Lip modification. According to
the quantification of red fluorescence intensity by flow cytometry
(Fig. 4C), the degree of hypoxia in cells treated with Lip@PDA-Fe-TPZ
was 2.4 times higher than that of PDA-Fe-TPZ. We also provided
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images of Calcein-AM/PI straining of 4T1 cells after 24 h treatment with
200 pg/mL nanoparticles under hypoxic culture condition, and the re-
sults were consistent with those of MTT assay (Figure S12). Therefore,
Lip modification and TPZ load enable Lip@PDA-Fe-TPZ as a positive
feedback amplifier to take advantage of the side effects of increased
hypoxia of tumor cells caused by lipid peroxidation for effective syner-
gistic therapy.

2.6. In vitro ROS detection

The effect of Lip modification on the generation of intracellular stress
levels of ROS was investigated by 2',7-dichlorodihydrofluorescein
diacetate (DCFH-DA) detection probe. The non-fluorescent DCFH-DA
probe is hydrolyzed by cell esterase to generate 2,7"-dichlorodihydro-
fluorescein (DCFH), which is rapidly oxidized by ROS to generate strong
fluorescence product 2',7-dichloro-fluorescein (DCF). As shown in
Fig. 5A, 4T1 treated with Lip@PDA-Fe and Lip@PDA-Fe-TPZ nano-
liposomes exhibited stronger fluorescence intensity than that of PDA-Fe
and PDA-Fe-TPZ nanoparticles. The results of flow cytometry were
consistent with those of fluorescence microscopy (Fig. 5B). The fluo-
rescence intensity of 4T1 cells treated with Lip@PDA-Fe was 2.6 times
than that of PDA-Fe, which can be ascribed to the lipid peroxidation.

To confirm that Lip modification can promote lipid peroxidation and
ferroptosis in tumor cells, the content of MDA, the final product of lipid
peroxidation, was detected under normal oxygen and hypoxic condi-
tions (Fig. 5C). The MDA content of cells treated with Lip@PDA-Fe and
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Lip@PDA-Fe-TPZ increased obviously compared with that of PDA-Fe
and PDA-Fe-TPZ nanoparticles, which meant that the introduction of
Lip significantly enhanced lipid peroxidation. In addition, compared
with normal oxygen condition, MDA content decreased under hypoxic
condition, which reprove that O, is an important substrate of lipid
peroxidation. From this figure we also noticed that whether in PDA-Fe or
Lip@PDA-Fe, the introduction of TPZ did not significantly alter the
production of MDA, indicating that TPZ would not weaken the effect of
nanoparticles-induced ferroptosis. These results indicated that our pro-
posed strategy of introducing Lip to promote lipid peroxidation and
cause O, consumption is a feasible and effective method, which can
further enhance ferroptosis and activate the cytotoxicity of TPZ.
Glutathione (GSH) depletion, glutathione peroxidase 4 (GPX4) inacti-
vation, and accumulation of iron-dependent lipid peroxides are well
known to cause ferroptosis [48-51]. The activity of 4T1 cells treated
with ferroptosis inhibitors and inducer were measured to explore the
process of ferroptosis.

By examining the effects of different ferroptosis inhibitors and pro-
moters on the activity of 4T1 cells treated with nanoliposomes, the
mechanism of tumor cell death was explored (Fig. 5D). The activity of
4T1 cells treated with PDA-Fe and Lip@PDA-Fe was partially increased
with the addition of iron chelators deferoxamine (DFO), suggesting that
iron ions play an important role in inducing ferroptosis. On the contrary,
after the addition of DFO, cell activity showed a decreasing trend treated
with PDA-Fe-TPZ and Lip@PDA-Fe-TPZ, which may be due to the fact
that DFO can also be utilized as an inducer for cell hypoxia, which will
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Fig. 5. (A) Fluorescence images and (B) flow cytometry of DCFH-DA labeled 4T1 cells incubated with PDA-Fe, Lip@PDA-Fe, PDA-Fe-TPZ and Lip@PDA-Fe-TPZ. (C)
Detection of the LPO level in 4T1 cells treated with PDA-Fe, Lip@PDA-Fe, PDA-Fe-TPZ and Lip@PDA-Fe-TPZ under normal oxygen and hypoxic conditions by MDA
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aggravate intracellular hypoxia and lead to stronger cytotoxicity of TPZ
activation. The addition of ferroptosis inhibitor Ferrostatin-1 (Fer-1),
GSH and the lipophilic antioxidants Vitamin E (VE) significantly inhibit
ferroptosis [52-54], suggesting that the synthesized nanoliposomes can
induce the internal mechanism of ferroptosis, namely increased lipid
peroxidation and GSH consumption. The 4T1 cells were incubated with
Lip@PDA-Fe-TPZ (100 pg/mL), PBS for 12 h, and then we used the
transmission electron microscopy (TEM) to observe morphological
changes. The TEM images showed that 4T1 cells treated with
Lip@PDA-Fe-TPZ for 12 h had shrunken mitochondria with decreased
cristae (Figure S13). These results were in agreement with the typical
cell damage caused by ferroptosis. Moreover, we studied the intracel-
lular GSH level of 4T1 cells treated with nanoparticles (200 pg/mL) for
24 h, to further confirm their ferroptosis process. As shown in Fig. 5E,
the cells treated with nanoparticles all show a lower GSH level compared
to that of control group, and the GSH content of 4T1 cells treated with
Lip@PDA-Fe-TPZ declined to 23.47% compared to that of 4T1 cells
(control group). These results showed that the mechanism of cancer cell
death induced by Lip@PDA-Fe-TPZ was ferroptosis.

2.7. Antitumor effect in vivo

4T1 tumor-bearing mice were used as experimental subjects to
observe the combined antitumor therapy effect in vivo. When the tumor
volume reached 100 mm?®, the mice were randomly divided into five
groups and treated with PBS, PDA-Fe, Lip@PDA-Fe, PDA-Fe-TPZ and
Lip@PDA-Fe-TPZ. The relative tumor volume changes of mice were
shown in Fig. 6A. Tumor growth was relatively slow with the treatment
of Lip@PDA-Fe and PDA-Fe-TPZ, suggesting that the antitumor therapy
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based on both ferroptosis or TPZ-mediated chemotherapy can play a
good antitumor effect. The Lip@PDA-Fe-TPZ exhibited the most signif-
icant antitumor effect as expected, demonstrating that ferroptosis and
TPZ activity for chemotherapy were enhanced by Lip introduction. The
tumor photos during treatment and tumor anatomical results after 14
days with different treatment can intuitively show the tumor treatment
effect, which is consistent with the tumor growth curves (Fig. 6D and E).
H&E staining was utilized to further explore the therapeutic effects of
various treatments (Fig. 6F). Compared with other treatment groups,
most cells lost membrane integrity and cytoplasmic nucleus shrinkage
after the treatment of Lip@PDA-Fe-TPZ.

In vivo lipid peroxidation level was evaluated by detecting MDA
content in tumor tissues after different treatments. The MDA content of
tumor tissue treated with Lip@PDA-Fe and Lip@PDA-Fe-TPZ was higher
than that of other treatments (Fig. 6B). In particularly, MDA content of
Lip@PDA-Fe-TPZ treatment group was 1.36 times that of PBS, indi-
cating that synthesized nanoliposomes could induce lipid peroxidation
in tumor tissues. GPX4 is a selenoprotein that specifically catalyzes GSH
to convert cytotoxic lipid peroxides into nontoxic lipid alcohols, which
plays an important role in regulating cell ferroptosis. GPX4 protein
expression in tumor quantified by western blot analysis and quantitative
analysis was measured to determine the relationship between different
treatment methods and ferroptosis effect in vivo (Fig. 6C). It was
observed that GPX4 was highly expressed in the PBS group, while
expression of GPX4 decreased significantly after treatment with
Lip@PDA-Fe and Lip@PDA-Fe-TPZ. The results were consistent with
MDA content in tumor tissue, which further confirmed that the intro-
duction of Lip enhanced the production of lipid peroxides to induce
higher ferroptosis in tumor.
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2.8. In vivo biosafety

Blood compatibility, blood biochemistry indexes and organ slicing
were analyzed to systematically examine the in vivo biosafety of syn-
thetic nanoparticles. There was no significant change in body weight
throughout the antitumor experiments (Fig. 7A). The hemolysis rates of
all prepared nanoparticles were less than 8% after 24 h treatment at a
concentration of 500 pg/mL, indicating the good biocompatibility of the
synthesized nanoparticles (Fig. 7B). Blood biochemical indexes,
including alkaline phosphatase (ALP), blood urea nitrogen (BUN) and
creatinine (CREA) of mice were measured via orbital blood sampling. As
shown in Figure S14, compared with PBS group, there was no significant
deviation of blood biochemical indexes treated with different synthetic
nanoparticles, indicating that there was no obvious liver and kidney
function damage. In addition, no obviously pathological abnormalities
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were shown in major organs including heart, liver, spleen, lung and
kidney after different treatments by H&E staining, indicating that the
combination therapy has few side effects (Fig. 7C). Iron content in tumor
tissues and organs was measured by ICP-MS to determine the distribu-
tion of nanoparticles in vivo after different treatments for 14 days
(Figure S15). The iron content in tumor tissues treated with Lip@PDA-Fe
and Lip@PDA-Fe-TPZ 14 days was 686 ug/g and 653 ug/g, respectively,
which significantly higher than that of other treatments groups, indi-
cating that Lip@PDA-Fe-TPZ with Lip modifications could increase the
enrichment of tumor site by enhancing EPR effects.

3. Conclusions

This work reported an efficient Lip@PDA-Fe-TPZ nanoliposomes as a
new strategy to improve the tumor therapy, which enhanced the
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Fig. 7. (A) Body weights of mice with different treatment. (B) The hemolysis rate of H,O, PBS, PDA-Fe, Lip@PDA-Fe, PDA-Fe-TPZ and Lip@PDA-Fe-TPZ in fresh
blood. (C) H&E-stained images of the major organs of mice treated with PBS, PDA-Fe, Lip@PDA-Fe, PDA-Fe-TPZ and Lip@PDA-Fe-TPZ after 14 days.
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ferroptosis effect via promoting lipid peroxidation. Lip@PDA-Fe-TPZ
nanoliposomes with uniform size, good dispersion and physiological
stability avoided the annihilation of ¢OH by converting ¢OH into lipid
peroxides, improved the utilization rate of ROS, exacerbated the hyp-
oxia of tumor cell, effectively activated the cytotoxicity of TPZ and
realized the organic combination of ferroptosis and chemotherapy. In
vitro and in vivo experiments showed that the nanoliposomes had good
biocompatibility and targeted tumor specificity. The efficient antitumor
function and minor side effects of Lip@PDA-Fe-TPZ nanoliposomes
provide a new direction of exploring cancer treatments.

4. Experiment section
4.1. Materials

Dopamine hydrochloride (DA-HCl, 99%) and sodium hydroxide
(NaOH) were purchased from Sigma-Aldrich. Acetic acid (HAc, 99%)
was purchased from Xilong Chemical Co., Ltd. 1,2-distearoyl-sn-glycero-
3-phosphatidylethanolamine (DSPE-PEG2000) and iron (III) chloride
hexahydrate (FeCl3-6H;0) were supplied by Shanghai Maclean
Biochemical Technology Co., Ltd. Dichloromethane (>99.5%), potas-
sium bromide (KBr, >99.7%), nitric acid (HNO3, >99%), methylene
blue (MB), heparin sodium (>150 U/mg), hematoxylin and eosin dye
were all purchased from Sangon Biotech (Shanghai) Co., Ltd. Hydrogen
peroxide (H202, 30%) and 5, 5-dimethyl-1-pyrrolin-n-oxide (DMPO)
were purchased from Thermo Fisher Scientific. Tirapazamine (TPZ)
(>96%) was purchased by Dalian Meilun Biological pharmaceutical
Company. Soya bean lecithin (Lip), 2-amino-2-hydroxymethylpropane-
1,3-diol (Tris) and cholesterol were obtained from Sinopharm group
chemical reagent Co., Ltd. Dulbecco’s modified Eagle’s medium
(DMEM) and fetal calf serum (FBS) were acquired from Life Technolo-
gies Co., Ltd. Paraformaldehyde fixing solution (4%) and phosphate
buffer (PBS) were bought from Wuhan Saiwei Biotechnology Co., Ltd. 3-
(4,5-dimethylthiazol-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium  bro-
mide (MTT), 10 x PBS buffer solution, 2',7-Dichlorofluorescin diacetate
(DCFH-DA) reactive oxygen species assay Kkit, cell counting kit-8 (CCK-8)
kit and Annexin V-FITC apoptosis detection kit, Glutathione (GSH)
detection assay kit, 2-(4-Amidinophenyl)-6-indolecarbamidine dihy-
drochloride (DAPI) were purchased from Beyotime Biotechnology.
Vitamin E (VE) and trypsin were bought from Chengdu ruifensi
Biotechnology Co., Ltd and Xiamen Yisheng Biotechnology Co., Ltd,
respectively. Hypoxia detection kit, malondialdehyde (MDA) detection
assay kit, dimethyl sulfoxide (DMSO) and Ferrostatin-1 (Fer-1) were
obtained from Beijing solarbio science & technology Co., Ltd. Glutamic
acid (Glu) was bought from Sigma-Aldrich. Glutathione (GSH) and
desferrioxamine (DFO) were bought from Shanghai Aladdin Biochem-
ical Technology Co., Ltd. AnaeroPack-Anaero and Vertical culture bag
were bought by MITSUBISH GAS CHEMICAL CO., INC.

4.2. Synthesis of PDA-Fe-TPZ nanoparticles

Dopamine hydrochloride was spontaneously oxidized and polymer-
ized in alkaline solution with pH > 7.5 to prepare PDA nanoparticles. 45
mg dopamine hydrochloride was dissolved in 120 mL deionized water
containing 15 mg FeCl3-6H20 and 10 mg TPZ with stirring for 40 min.
Subsequently, 30 mL (1500 mg) Tris aqueous solution was quickly
injected into the mixed solution and stirred for 2 h. The targeted
nanoparticles were separated by centrifugation and washed three times
with deionized water. Correspondingly, PDA-Fe nanoparticles were
prepared by the same method without TPZ.

4.3. Synthesis of Lip@PDA-Fe-TPZ nanoliposomes
40 mg soya bean lecithin, 10 mg cholesterol and 10 mg distearyl

phosphatidylethanolamine (MPEG2000-DSPE) were dissolved in 10 mL
dichloromethane. Liposome films were then synthesized by rotary
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vaporizer with a rotation speed of 50 rpm under 42 °C. The liposome
films were stripped and dispersed with an ultrasonic cleaner, and then
broken with an ultrasonic breaker (200 W, 2 s on, 1 s off, 2 min). The
Lip@PDA-Fe-TPZ nanoliposomes were self-assembled using ultrasonic
crusher (100 W, 5 s on, 5 s off, 20 min) by mixing PDA-Fe-TPZ with
above Lip (the mass ratio was 1:1) and centrifuged at 10,000 rpm for 10
min. Accordingly, Lip@PDA-Fe nanoliposomes were prepared by the
same method.

4.4. Characterization

The morphology of nanoparticles was observed using SEM (Hitachi,
SU-70) and TEM (JEM-1400). The diameter and Zeta potential of
nanoparticles were measured utilizing DLS (Nano ZS, Malvern In-
struments, UK). SHIMADZU UV-1750 spectrophotometer and Nicolet
iS10 FTIR spectrometer were used to determine UV-visible-NIR spec-
trum and Fourier transform infrared spectrum, respectively. The con-
centrations and release behavior of TPZ and iron were determined by
UV-1750 spectrophotometer and inductively coupled plasma mass
spectrometer (ICP-MS, Agilent 7500CE). The content of Lip was deter-
mined by Thermogravimetric Analysis (Netzsch TG209F1). The valence
state of Fe was detected by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB Xi+).

4.5. Drug loading and release

The standard curve of TPZ was obtained by UV-vis spectrophotom-
eter. PDA-Fe-TPZ and Lip@PDA-Fe-TPZ were centrifuged (12,000 rpm,
10 min) to collect the supernatant and calculate the TPZ content. Drug
loading efficiency (DLE) = (weight of the TPZ initially added - weight of
the TPZ in the supernatant)/(weight of the nanoliposomes). For TPZ
release, 3 mL PDA-Fe-TPZ and Lip@PDA-Fe-TPZ were sealed in a dial-
ysis bag (3500 Da) and dialyzed in 100 mL PBS (pH7.4, pH6.5, pH5.0 or
pH5.0 + Hy0, respectively) at 37 °C with shaking. At the time point of
0.5,1,2, 4,6, 8, 12, 24, 36 and 48 h, 3 mL dialysis solution was taken
and 3 mL corresponding environmental medium solution was added. 1
mL extracellular solution was diluted at an appropriate ratio and the
absorbance at 462 nm was measured by UV-vis spectrophotometer to
determine the release amount of TPZ [55].

4.6. Iron ions loading and release

The standard iron ion curve was analyzed by ICP-MS with standard
iron solution of 1, 3, 5 and 10 ppm to obtain iron content and iron ion
release. The procedure of iron ion release experiment was the same as
that of TPZ release. 1 mL extracellular dialysis solution was diluted for
10 times, and the amount of iron ion release was determined by ICP-MS.

4.7. Detection of eOH and LPO

Methylene blue (MB) was used to detect the production of eOH of
nanoparticles in different HyO2 concentrations. 2 mL sample solution
(250 pg/mL) and 1 mL MB solution (30 mg/L) were mixed in 2 mL Hy04
(0,1, 5,10, 20 mM) and then the mixture was kept at 37 °C for 1 h. After
centrifugation for 10 min at 12,000 rpm, 3 mL supernatant was taken to
test the absorbance value at 664 nm with UV-vis spectrophotometer.

The eOH production of PDA-Fe-TPZ and Lip@PDA-Fe-TPZ nano-
particles under different pH conditions was detected based on the
oxidation of terephthalic acid (TA). 300 pL sample solution, 300 pL HyO4
aqueous solution (10 mM) and 300 pL TA (5 mM) were transferred into
2.1 mL PBS (pH = 7.4, 6.5, 5.0). After centrifugation for 10 min at
12,000 rpm, 3 mL supernatant was tested under 315 nm excitation light
after shaking 12 h at 37 °C in the dark.

Thiobarbituric acid (TBA) method was used to test the production of
lipid peroxides. 100 pg/mL PDA-Fe (with/without 10 mM H505) and
100 pg/mL Lip@PDA-Fe (with/without 10 mM H305) were placed in a
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constant temperature shaker at 37 °C for 24 h, followed by adding the
color reagent (106 mg TBA, 20% acetic acid 30 mL and 10 mL 0.7 M
NaOH solution) and keeping mixture in high temperature environment
(90-100 °C) for 60 min. The mixed liquid was centrifuged and the su-
pernatant was taken for UV-vis test.

4.8. Cell culture

3T3 and 4T1 cells were cultured in DMEM medium containing 10%
fetal at 37 °C in a humidified atmosphere containing 5% CO;. Anaero-
Pack was used to create a completely hypoxic environment. The cells
and AnaeroPack were placed in the culture bag and then cultured in an
incubator after sealing.

4.9. Cellular uptake

1 mg/mL RhB, 4 mg 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC) and 4 mg N-Hydroxysuccinimide (NHS) were mixed and
stirred in a dark room for 4 h, followed by adding 10 mg PDA-Fe-TPZ
and stirring for 12 h. The fluorescently labeled PDA-Fe-TPZ (PDA-Fe-
TPZ-RhB) were collected by centrifuging at 12,000 rpm for 10 min and
washing three times with water. The liposome encapsulated PDA-Fe-
TPZ-RhB (Lip@PDA-Fe-TPZ-RhB) were prepared using ultrasonic
crusher (100 W, 5 s on, 5 s off, 20 min) by mixing PDA-Fe-TPZ-RhB with
Lip (the mass ratio was 1:1) and centrifuged at 10,000 rpm for 10 min.

4T1 cells (1 x 10* cells) were seeded to 96-well fluorescence black
plates and incubated for 12 h. At the time nodes of 0, 2, 4, 6, and 8 h,
100 pL fluorescently labeled nanoliposomes were added for incubation,
and after incubation, PBS was used for washing 3 times, followed by
adding 100 pL cell lysate. Fluorescence quantification was performed
with a multifunctional enzyme marker (RhB fluorescence detection
parameter: Ex 555 nm, Em 585 nm).

With the same incubation method, cells were seeded to 24-well
plates, then, fluorescently labeled nanoliposomes were added at
different time nodes. Nucleus were stained with 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI), and fluorescence images
were taken with inverted fluorescence microscope.

4.10. Cellular cytotoxicity assay

In vitro cytotoxicity was evaluated by MTT assay. 4T1 cells (1 x 10*
cells) were seeded to 96-well plates and incubated for 12 h. 100 pL
different concentrations of samples were added and cultured for 24 h.
Subsequently, cells were washed with PBS and cultured with 100 pL
10% MTT solution for 4 h. After that, MTT solution was removed and
replaced by 100 pL DMSO to dissolve formazan crystals. Finally, the
absorbance at 570 nm was measured with a micrometer. Similarly, 4T1
cells were cultured in a hypoxic environment created by AnaeroPack for
12 h and incubated with samples for another 24 h, and the cytotoxicity
was detected by MTT method. 500 pL 4T1 cells (1 x 10*/mL) were
cultured in 60 mm cell culture dishes for 12 h, and then cultured with
nanoparticles for another 24 h. 5 pL PI (16 mM) and 5 pL. AM (4 mM)
were added into 10 mL PBS. The medium was sucked out, and 1 mL
Calcein AM/PI test working fluid was added. The cells were observed
and photographed under a fluorescence microscope immediately after
incubation at room temperature for 30 min and cleaning twice with PBS.

1 mL cell suspension (1 x 10° cells) was cultured in different
nanoparticles for 24 h. The cells were centrifuged and washed with PBS,
and then stained with Annexin V-FITC and PI solution successively. The
cells were analyzed by flow cytometry (MoFlo, XDP, USA).

4.11. In vitro hypoxia and ROS detection
Hypoxia and ROS levels in 4T1 cells were observed by fluorescence

microscopy. 5 x 10* 4T1 cells were seeded onto 60 mm cell culture
dishes and cultured for 12 h, followed by treating with nanoparticles for
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6 h. After washing by PBS, 200 pL DCFH-DA and Hypoxyprobe-1 were
added and further cultured for 20 min, subsequently. Hoechest 33,258
dye was utilized for nuclear staining. The generation of ROS and intra-
cellular hypoxia level were detected by fluorescence microscopy and
flow cytometry.

4.12. MDA evaluation and ferroptosis investigation

MDA assay kit was utilized to detect the content of LPO in 4T1 cells,
which were seeded on 6-well plates (1 x 10° cells) and incubated with
500 pg/mL different treatment groups for 12 h. The cells were collected
into the centrifuge tube and supernatant was removed, followed by
adding 1 mL MDA extract into cell precipitation, and utilizing ultrasonic
crusher (200 W, 3 s on, 10 s off, 7 min) to crush cells. Centrifugation was
performed at 8500 rpm at 4 °C for 10 min, then MDA working fluid was
added into supernatant and kept at 100 °C for 1 h. The absorbance of
supernatant collected by centrifugation at 450 nm, 532 nm and 600 nm
was measured via microplate reader and intracellular MDA content was
calculated according to the specification of the kit instructions.

4T1 cells (1 x 10* cells) were seeded to 96-well plates and incubated
for 12 h. The nanoparticles of different treatment groups were added
into each well, and then immediately added media with 10 mM DFO, 1
uM Fer-1, 5 mM GSH, 2 mM Glu and 100 pM VE, respectively. The cells
were then co-incubated for 24 h, followed by detecting cell viability
using MTT assay.

4.13. Mitochondrial morphology

The 4T1 cells were seeded onto 10 x 10 cm dishes and cultured for
12 h. The cells were then incubated with PBS and Lip@PDA-Fe-TPZ
(100 pg/mL) for 12 h, respectively. After incubation, the cells were
collected, fixed with 2.5% glutaraldehyde solution, and then used to
prepare cell sections. The TEM images of the cell sections were obtained
using a JEM-1400 TEM.

4.14. Determination of intracellular GSH

4T1 cells (3 x 10* cells) were seeded into 6-well plates and cultured
for 12 h. The cells were then treated with 200 pg/mL nanolipsomes for
24 h. Before intracellular GSH determination, the cells were collected via
centrifugation and washed thoroughly with PBS. The intracellular GSH
level was measured using GSH assay Kits.

4.15. Animal modal establishment

Female BALB/c mice (4-6 weeks) were bought from Experimental
Animal Center of Xiamen University and were utilized in accordance
with to the guidelines of the State Science and Technology Commission
of China. 100 pL 4T1 tumor cells (1 x 108 cells) were subcutaneously
injected into BALB/c mice. The tumor-bearing mice were used for ex-

periments when the tumor volume increased to 100 mm?®,

4.16. In vivo tumor therapy

The tumor-bearing mice were randomly divided into 5 groups (4
mice in each group), 200 pL PBS, PDA-Fe, Lip@PDA-Fe, PDA-Fe-TPZ and
Lip@PDA-Fe-TPZ with the dose of 20 mg/kg were injected by tail vein at
1,3,5,7,9, 11, 13 days. Tumor volume and body weight of mice were
recorded continuously, and digital tumor photos were taken. After 14
days, the tumor was taken out and photographed. Meanwhile, organs
including heart, liver, spleen, lung and kidney were dissected, preserved
with 4% paraformaldehyde tissue fixative solution and stained with
H&E. 0.4 g tumor tissues of treatments were taken for MDA content
detection. After cutting into pieces and adding into 4 mL MDA extract,
the tissue was broken (600 W, 3 s on, 3 s off, 3 min) with ultrasonic cell
fragmentation instrument to obtain tissue homogenate. Supernatant was
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centrifuged (10,000 rpm) at 4 °C for 10 min, and MDA content of tumor
tissue in each group was calculated according to the specification of the
kit instructions.

4.17. Hemolysis and blood biochemistry test

Hemolysis test was used to evaluate the blood compatibility of the
nanoparticles. Blood was collected from eyeballs of female BALB/c mice,
and red blood cells were collected by centrifugation at 4 °C for 5 min
(2000 rpm). 200 pL red blood cell suspension was respectively mixed
with 800 pL deionized water, PBS and 500 pg/mL PDA-Fe, Lip@PDA-Fe,
PDA-Fe-TPZ and Lip@PDA-Fe-TPZ nanoparticles at 37 °C for 24 h. After
centrifuging at 4 °C for 5 min (2000 rpm), 200 pL supernatant was taken
and placed in a 96-well plate to determine the absorbance at 541 nm
with a multifunctional microplate reader. Hemolysis percentage (HP) is
calculated according to the following formula: HP = ((As-Apgs)/(An20-
Apps)) x 100%. Among them, As, Ao and Apps represent the absor-
bance value of the nanoparticles, deionized water and PBS, respectively.

The effect of different treatment on liver and kidney function was
evaluated by blood biochemical indexes of mice. Ten female BALB/c
mice were randomly divided into five groups, including PBS, PDA-Fe,
Lip@PDA-Fe, PDA-Fe-TPZ and Lip@PDA-Fe-TPZ. Eyeball blood was
collected after injected for 48 h and centrifuged at 4 °C for 5 min (2000
rpm). The supernatant plasma was carefully aspirated, followed by
determining the contents of alkaline phosphatase (ALP), blood urea
nitrogen (BUN) and creatinine (CREA).

4.18. Determination of iron content in organs and tumor issue

The heart, liver, spleen, lung, kidney and tumor tissues of the mice
with different treatment were sacrificed after 14 days. The organs and
tumor tissues were weighed, cut up and nitrated with 10 mL analytical
pure concentrated nitric acid. After the tissue was completely decom-
posed, 1 mL nitrifying solution was diluted 10 times with pure water and
filtered with 450 nm filter membrane. The iron concentration in the
solution was determined by ICP-MS.
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